Background Tibia vara seen in Japanese patients reportedly influences the tibial component alignment when performing TKA. However, it is unclear whether tibia vara affects the component position and size selection. Questions/purposes We therefore determined (1) the amount of medial tibial bow, (2) whether the tibia vara influences the aspect ratio of the tibial resected surface in aligning the tibial component with the tibial shaft axis, and (3) whether currently available tibial components fit the shapes of resected proximal tibias in terms of aspect ratio. Methods We measured the tibia vara angle (TVA), proximal varus angle (PVA), and the mediolateral and middle AP dimensions of the resected surface using threedimensional preoperative planning software in 90 knees of 74 female patients with varus osteoarthritis. We determined the correlations of the aspect ratio with TVA or PVA and compared the aspect ratios to those of five prosthesis designs.
Introduction
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have shown the mechanical axis of the lower limb passes through the knee center, and the tibial mechanical axis (TMA; the axis connecting the tibia plateau center and the ankle center) aligns with the TSA [15, 17] . The center of the properly placed tibial component is located at the center of the resected tibial surface and aligns with both the TSA and TMA. A symmetrically shaped tibial component that aligns its center with the TSA covers the maximum area of the resected tibial surface, and the knee after the TKA should mimic physiologic motion as mentioned above [18, 19] . Further, a load passing through the knee should be equally distributed to the medial and lateral compartments because the TMA passes perpendicularly through the center of the prosthetic component [9] .
However, Asian people generally have a varus knee alignment [8, 20] and Asian patients with varus knee osteoarthritis (OA) have varying degrees of tibia vara [12, 16, 24] . This anatomic variance has made it difficult to achieve proper frontal alignment and proper component positioning in TKA because the TSA does not align with the TMA and passes through a point lateral to the center of the tibial eminence [12, 14, 20, 24] . Consequently, lateralization of the tibial component is required to accord its center with the TSA, and it often needs downsizing of the component to avoid lateral overhang by the prosthesis. The downsizing results in an uncovered medial edge of the tibia, which can be resected to avoid impingement by the edge. This implantation technique, however, may result in an AP underhang because many of the tibial components of prostheses currently used for Asian patients are designed based on anatomic data from tibias of Western subjects, in whom tibia vara is relatively rare even though varus deformities are common [5, 6, 21] . Therefore, it is unclear whether the aspect ratio (ratio of the mediolateral [ML]/AP length) of currently available tibial components is actually suitable to obtain a proper fitting for Japanese patients with tibia vara.
We therefore determined (1) how much the tibias in Japanese patients actually medially bow, (2) whether the tibia vara influences the aspect ratio of the tibial resected surface in aligning the tibial component with the TSA, and (3) whether currently available tibial components fit the shapes of resected proximal tibias in terms of aspect ratio.
Patients and Methods
The study was performed using CT data from 90 lower limbs in 74 Japanese female patients with primary varus knee OA, scheduled for primary TKAs between January 2010 and March 2012. During the study period, there were only eight male patients undergoing TKA for varus knee deformity. We excluded these eight male patients from the study because we could not compare the anatomic differences between male and female knees due to the small number of males. The mean age at the time of surgery was 73 years (range, 59-86 years). The mean height was 150 cm (133-163 cm). Patients with valgus knee OA, previous knee surgeries, posttraumatic arthritis, and rheumatoid arthritis were excluded from the study. The hospital ethics committee determined the study did not require approval in our country; the patients provided informed consent for participation in the study.
In all patients, we obtained multislice CT scans (LightSpeed 1 VCT; GE Healthcare, Chalfont St Giles, UK) of the hip to the ankle using 1-mm slices with patients in the knee-extended position with the patella facing toward the ceiling. The obtained DICOM data were imported into the three-dimensional (3-D) preoperative TKA planning software (3-D template for TKA; Kyocera Medical Corp, Osaka, Japan). In this software, the operating windows consisted of three multiplanar reformation (MPR) viewers, the frontal, sagittal, and axial planes, and each reformatted image could be simultaneously rotated, cut, and measured in all three operating windows. Digitally reconstructed radiographs (DRRs) could also be displayed in all three directions with this software.
Two investigators (SM, SA) performed all radiographic assessments and measured the resected surface of the proximal tibia using the preoperative planning software. In the radiographic assessment, the severity of the OA according to the Kellgren-Lawrence classification [11] was Grade 3 in 49 knees and Grade 4 in the remaining 41 knees. The hip-knee-ankle angle (measured from full-length, weightbearing AP radiographs) averaged 12°of varus alignment (range, 1°-27°). To determine the orientation of the tibia in a 3-D coordinate system, two axes were defined. First, the TSA was defined as a line connecting the centers of the proximal 1 .
3 and distal 1 . 3 of the tibia, confirmed in both coronal and lateral DRR views. Then, the tibial AP axis was drawn as a line connecting the middle of the PCL and the medial border of the patellar tendon at its attachment to the tibial tubercle [1, 2] . After setting each reference point for these two axes, the tibia was verticalized along the TSA and frontalized along the tibial AP axis. Next, the TMA was drawn so that it passed from the center of the tibial eminence to the center of the talar dome. To assess tibia vara, the tibia vara angle (TVA; the angle between the TSA and TMA) was measured ( Fig. 1 ). To assess the medial bowing in the proximal tibia, the proximal vara angle (PVA) was defined as the angle between the TSA and the line connecting the center of the tibial eminence and the center of the proximal 1 .
3 of the tibia (Fig. 1 ). Finally, virtual resection of the proximal tibia was performed with the software to evaluate the aspect ratio of the resected tibial surface. The proximal tibia was cut perpendicular to the TSA 9 mm below the lateral tibial plateau with a 3°posterior slope ( Fig. 2A ). We measured the ML and AP dimensions of the proximal resected surface when the tibial component was set so that its center aligned with the TSA (Fig. 2B-C) . That is, 1 .
2 of the ML dimension was defined as the distance from the lateral edge of the tibial resected surface to the TSA. The middle AP dimension of the tibia was then measured as the length of a line segment passing through the TSA. The aspect ratio (the ML dimension divided by the AP dimension) was calculated as described previously [6] . We also obtained the ML and middle AP measurements data for five currently available tibial prosthesis designs: (1) . All these products have an ML symmetrical design. To observe the feasibility of these components for Japanese patients, the relationship between the aspect ratio and the middle AP dimension of our patients was analyzed and compared to those of the five tibial prosthesis designs.
To determine how much the tibias in female Japanese patients actually medially bow, the tibia bowing angle and the proximal bowing angle were summarized as means, SDs, and ranges. Linear regression and correlation analyses were performed to determine whether the tibia vara influenced the aspect ratio of the tibial resected surface. Finally, to determine whether currently available tibial components fit the shapes of resected proximal tibias in terms of aspect 
Results
The majority ([ 83%) of Japanese knees scheduled for TKA had tibia vara. The mean TVA was 0.6°(SD, 0.6°; range, À1.0°to 2.1°) and the mean PVA was 2.0°(SD, 1.5°; range, À1.4°to 6.8°) ( Table 1 ). Seventy-five tibias from 90 knees had positive TVA values, 12 had negative values, and only three had TVAs of 0°, in which the TSA completely aligned with the TMA (Fig. 3 ). Concerning PVA, 79 tibias had positive values, seven had values of 0°, and four had negative values (Fig. 4) .
The aspect ratio of the tibial resected surface was associated with the extent of tibia vara. The measurement of the resected surface showed the ML dimension averaged 66.2 mm (range, 54.8-78 mm), the middle AP dimension averaged 44.9 mm (range, 40.1-50.3 mm), and the mean aspect ratio was 1.48 (range, 1.23-1.77) ( Table 1 ). The aspect ratio negatively correlated with the TVA (r = À0.53, p \ 0.001) ( Fig. 3 ) and the PVA (r = À0.55, p \ 0.001) (Fig. 4) .
The currently available five tibial components did not fit the shapes of resected proximal tibias in terms of aspect ratio. The aspect ratios of all designs except the PROFIX 1 Total Knee System were greater than the mean aspect ratio of the tibial resected surface measured in our patients ( Table 2 ). All designs except the NexGen 1 had almost constant aspect ratios for their AP dimensions, whereas the aspect ratio of the tibial resected surface negatively correlated with middle AP dimension (r = À0.31, p = 0.003) (Fig. 5 ). In contrast, NexGen 1 had aspect ratios that increased with the AP dimension, and the various sizes of NexGen 1 prostheses had two lines with distinct slopes in the aspect ratio ( Fig. 5 ). Aspect Ratio TVA (°) r = −0.53 p < 0.001 Fig. 3 A graph shows there is a strong negative correlation between the aspect ratio and the TVA (r = À0.53, p \ 0.001) in the 90 knees. Aspect Ratio PVA (°) r = −0.55 p < 0.001 Fig. 4 A graph shows there is a strong negative correlation between the aspect ratio and the PVA (r = À0.55, p \ 0.001) in the 90 knees. 
Discussion
The principles of the bone-cutting technique, ideal component position, and component designs for TKA have been devised based on normal limb anatomy [10, 15, 23] . Regarding the tibia, to restore more physiologic motion and to obtain even load distribution in knees after TKA, in the frontal alignment, the tibial component is arguably recommended to be set so that its center aligns with the TSA as much as possible. However, in knees with tibia vara, typically seen in Asian patients with varus OA, it often becomes difficult to simultaneously achieve both the ideal component position and sufficient coverage of the resected surface with the tibial component because many prosthetic components currently available are merely designed based on normal anatomy and not taking anatomic variation into account [6] . Therefore, to fit the tibial component in the ideal position, the impact of anatomic variation on component design should also be considered. We therefore determined (1) how much the tibias in Japanese patients actually medially bow, (2) whether the tibia vara influences the aspect ratio of the tibial resected surface in aligning the tibial component with the TSA, and (3) whether currently available tibial components fit the shapes of resected proximal tibias in terms of aspect ratio.
We acknowledge limitations to our study. First, we could not determine the influence of sex because sufficient numbers of male patients could not be gathered. Although patients with varus knee OA undergoing TKA are predominantly women, previous reports [3, 13, 22] have demonstrated several sex differences. Additional studies with large numbers are required to confirm the influence of sex. Second, CT data, which we used for measurements, cannot demonstrate the thickness of remaining cartilage in the lateral tibial plateau. Thickness of the remaining cartilage should affect the thickness of the resected proximal tibia. If the remaining cartilage on the lateral tibial plateau is 2 mm in thickness, the resected tibia including the cartilage could become 11 mm in thickness, when the resection level is determined to be 9 mm below the bony surface of the lateral tibial plateau on CT data. The component with 11 mm in thickness is most frequently used in the clinical setting. We therefore determined the resection level as 9 mm below the bony surface of intact lateral tibial plateau. Third, we accounted for only symmetrically shaped tibial components. Certainly, tibial components with ML asymmetrical shape should provide more preferable fitting. However, only several kinds of components actually have an asymmetrical design, and also to simplify the issue, we performed the measurements with the assumption of fitting a symmetrical tibial component.
Several studies report tibia vara in Asian patients with medial knee OA (Table 3 ). In a study of 133 Japanese patients with varus knee OA, Nagamine et al. [16] reported an average tibial plateau shift angle (the angle between the central line of the proximal diaphysis and the line from the central point of the plateau to the midpoint of the tibia) of 0.1°(SD, 1.8°; range, À3°to 4°). Ko et al. [12] demonstrated the angle formed an anatomic and mechanical axis after a proximal tibial cut of 1.8°(SD, 1.4°) in Chinese patients scheduled for TKA. Yoo et al. [24] demonstrated the angle formed the TSA and the mechanical axis averaged 0.7°(range, À3°to 4°) in Korean patients. Because the definition and measurement method for TVA differed among these studies, the results also differed. However, all studies including ours demonstrated the tibias of Asian patients with varus knee OA bow medially (positive TVA) in their proximal part (larger PVA than TVA). The mean TVA of 0.6°in our study was similar to that found in Korean patients [24] and smaller than that found in Chinese patients [12] . All of our angular measurements were based on CT and 3-D preoperative planning software while those in the previous reports were based on radiographic measurements. We determined the anatomic orientation of the tibia in 3-D. Therefore, the accuracy of the angular measurement would be higher and our data may be representative of female Japanese patients undergoing TKA. Although the absolute values of the TVA mostly appear to be small, tibia vara has some impact on the tibial component frontal alignment or the component setting [14, 24] . Yoo et al. [24] noted, when a tibial component with a medially offset stem was used, the impingement of the tip of the stem to the medial cortex in the proximal tibia occurred in 6.5% of Korean patients. However, the relative position of the tibial component center to the TSA may not have been considered in selection of the component size in these studies. r = -0.31 p = 0.003 Fig. 5 A graph shows the relationship between the aspect ratio and the middle AP dimension in the 90 knees. The aspect ratios of five tibial component designs of various sizes are also plotted. The aspect ratio shows a gradual decline with increasing AP dimension, although the correlation was weak (r = À0.31, p = 0.003). Almost all the aspect ratios of the five different designs available in variable sizes are distributed above the regression line.
We found the mean aspect ratio of the resected surface was 1.48 (SD, 0.1; range, 1.27-1.77), which is smaller than that found in other studies demonstrating the common characteristics of proximal tibial morphology: 1.54 in Japanese subjects (Uehara et al. [22] ), 1.56 in Korean subjects (Kawak et al. [13] ), and 1.51 in Chinese subjects (Cheng et al. [3] ) (Table 4 ). Furthermore, the aspect ratio negatively correlated with both TVA and PVA. These findings suggest, in the knee with tibia vara, sufficient coverage is not achieved even if a component designed based on Asian knee morphology was used, and the more the tibia is medially bowed, the narrower is the ML component required to align the component center with the TSA. As a result of ML downsizing, although medial underhang occurs, this may provide a beneficial effect in terms of the ligament balancing to increase the medial gap by removing the uncovered medial edge of the tibial plateau.
In the tibia with medial bowing, the five currently available tibial components did not fit the tibial resected surface when the tibial component was lateralized and downsized so that the component center was aligned with the TSA. AP underhang seems to occur when fitting these components to Japanese patients in the ideal position, especially in large knees. In normal Asian subjects, Kawak et al. [13] and Cheng et al. [3] demonstrated a progressive decrease in the aspect ratio with an increase in AP dimension of the resected surface of the normal proximal tibia. On the other hand, in a study of Japanese patients with varus knee OA, Uehara et al. [22] reported the opposite results, in that smaller knees had a longer AP dimension. Although the differences between the studies could be explained by the morphologic alteration resulting from OA, none of these studies took into account whether tibia vara could influence the aspect ratio on devising a proper component design.
In conclusion, we found the majority of Japanese patients scheduled for TKA had tibia vara and the aspect ratio of resected tibial surface was inversely correlated to the degree of tibia vara. In addition, the currently available five tibial components did not fit well to the resected tibial surface in terms of aspect ratio. Our data provide potentially important information for designing tibial components to achieve better bone coverage in Japanese patients.
